The phase diagram of the ZrO 2 -Nd 2 O 3 system has been characterized showing isolated two-phase regions for a cubic fluorite-type ZrO 2 solid solution and Nd 2 Zr 2 O 7 with a pyrochlore-type structure. A thermodynamic analysis was carried out to elucidate the origin of this interesting phase equilibrium. A compound energy model with the formula (Zr 4þ ,Nd 3þ ) 0:5 (Nd 3þ ,Zr 4þ ) 0:5 (O 2À ,va) 2 was applied to describe the Gibbs energy for these phases in consideration of the ordering of the cation sites in the structure. The ordering arrangement on the anion sites was not taken into account. The Gibbs energy for the liquid was described using an ionic solution model, while the binary compounds, such as tetragonal and monoclinic ZrO 2 , and cubic and hexagonal Nd 2 O 3 , were treated as stoichiometric solid phases. The thermodynamic assessment was based on the experimental phase boundaries as well as the evaluated formation energy for the stoichiometric Nd 2 Zr 2 O 7 phase. The phase diagram calculations showed that the peculiar feature of this phase diagram was reproduced well in our work. The results strongly suggest that the two-phase boundaries between the cubic fluorite-type ZrO 2 solid solution and the pyrochlore-type structure occur due to the ordering of the Zr 4þ and Nd 3þ cations.
Introduction
Zirconia (ZrO 2 ) is widely utilized because it is an extremely strong and tough ceramic material. Its resistance to thermal shock is rather poor, however, due to the large change in volume that occurs during the phase transition from the monoclinic to the tetragonal form. The addition of a small amount of various oxides to ZrO 2 , such as Y 2 O 3 , La 2 O 3 , and other rare-earth oxides, stabilizes the cubic phase by lowering the transition temperature of the phase change, and consequently provides the material with improved thermal shock resistance. Various experimental studies on the phase relationships between ZrO 2 and representative sesquioxides have been carried out, but information on the ZrO 2 -Nd 2 O 3 phase diagram is rather limited. 1 ,2) Figure 1 shows an experimental phase diagram of the ZrO 2 -Nd 2 O 3 pseudo-binary system obtained using hightemperature X-ray analysis. 1) Cubic ZrO 2 is stabilized in the low-temperature range upon the addition of Nd, but further enrichment with Nd 2 O 3 leads to the appearance of the pyrochlore structure. This phase diagram illustrates a characteristic feature of the ZrO 2 -Nd 2 O 3 system; namely, the existence of an isolated two-phase region consisting of a cubic phase and a pyrochlore phase in the higher temperature region. Khanna et al. 3) performed Monte Carlo simulations on the ZrO 2 -LnO 1:5 system within the framework of the 3D Ising model, and suggested that cation ordering occurs in the cubic phase stability region. We carried out a thermodynamic assessment of the ZrO 2 -Nd 2 O 3 system based on the Calculation of Phase Diagrams (CALPHAD) approach to elucidate the origin of this interesting phase equilibrium. system Information on the phase relationships in the ZrO 2 -Nd 2 O 3 system is quite limited. Brown and Duwez 2) investigated this system using X-ray diffraction and dilatometry. According to the proposed phase diagram, cubic ZrO 2 is stable at temperatures above T ¼ 1370 C upon the addition of 15-65 mol% Nd 2 O 3 . Within this region, the coexistence of two cubic phases was found, based on measurements of the lattice parameters. The two-phase field extended from 40 to 60 mol% in the temperature range of 1100-2100 C. A eutectoid reaction between the two cubic phases and hexagonal Nd 2 O 3 was arbitrarily located at T ¼ 1100 C within the composition range of 40-90 mol% Nd 2 O 3 . A eutectoid reaction between monoclinic, tetragonal, and cubic ZrO 2 may occur below T ¼ 567 C. Monoclinic ZrO 2 was assumed to have a maximum homogeneity region of about 3 mol% Nd 2 O 3 .
Thermodynamic Analysis of the ZrO
The first detailed study of the ZrO 2 -Nd 2 O 3 system was carried out by Rouanet. 1) He described the high-temperature phase relationships above T ¼ 1800 C and the liquidus curve for this system using high-temperature X-ray measurements and thermal analysis. The phase diagram deduced by Rouanet is shown in Fig. 1 . The liquidus curve was obtained from the cooling curves using thermal analysis, while the solidus curve was estimated. To prevent any contamination, the measurements were carried out in air without the use of crucibles, and the temperature was measured using optical pyrometry. The phase relationships above T ¼ 1800 C were observed using high-temperature X-ray diffraction employing a Re ribbon. The samples were premelted in air using a solar furnace, then crushed and deposited on the heating element. The purity of the ZrO 2 and Nd 2 O 3 used as the starting materials was 99.9%. Allotropic modification of the pure Nd 2 O 3 from the cubic to the hexagonal structure was reported. However, the cubic phase was not obtained on quenching due to the high volatility of Nd 2 O 3 . The phase transition of the hexagonal solid solution denoted by H ! A in Rouanet's work was not clearly defined, and consequently this was not taken into account in our study. In contrast to the results obtained by Brown and Duwez, 2) the formation of pyrochlore-type Nd 2 Zr 2 O 7 at 33.3 mol% Nd 2 O 3 could be observed. This compound forms a two-phase region with cubic ZrO 2 on both sides of the stoichiometric composition. The coexistence of two cubic structures in the composition range of 40-60 mol% Nd 2 O 3 , as reported by Brown and Duwez, possibly coincides with the two-phase field in the higher composition range.
With regard to the thermodynamic properties, a critical thermodynamic assessment of the Zr-O binary system was performed by Liang et al. 4) However, no thermodynamic description of the ZrO 2 -Nd 2 O 3 system is available, except for the evaluated Gibbs energy of formation for the pyrochlore-type Nd 2 Zr 2 O 7 phase. 5) In our thermodynamic analysis of the ZrO 2 -Nd 2 O 3 system, the experimental phase boundaries obtained by Rouanet, 1) together with the estimated formation energy of the pyrochlore phase, 5) were analyzed using the thermodynamic models described in the following sections.
Thermodynamic modeling
According to the experimental ZrO 
where H ref i denotes the molar enthalpy of the pure element i in its stable state at T ¼ 25 C. The numerical values of the parameters used are the same as those published by Dinsdale, 6) as shown in Table 1 .
Cubic and pyrochlore structures
Cubic ZrO 2 has a fluorite-type structure, the tetragonal sites of which are fully occupied by oxygen anions, as shown in Fig. 2 . This structure has space group Fm3m. On the other hand, the pyrochlore structure, Nd 2 Zr 2 O 7 , is composed of two types of octants, the I and II types, as illustrated in Fig. 3 . A vacancy was introduced at each anion site of these octants due to the different ionic charges of Zr 4þ and Nd 3þ . The vacancies were distributed one by one on each octant, and the pyrochlore structure, Nd 2 Zr 2 O 7 , was formed having a regular arrangement of the eight octants, as shown in Fig. 3 . The space group of the pyrochlore structure is Fd " 3 3m. In our thermodynamic analysis, we focused on the crystallographic similarity between these two structures. Figure 4 shows the atomic configuration of the pyrochlore unit cell, and that of the fluorite structure of the same size. (The oxygen atoms and the vacancies have been removed from these crystal cells). The ordering arrangement of the cations in the fcc lattice sites can be seen in the figure, and the phase change between the cubic and pyrochlore phases can be treated as being an order-disorder transition occurring in this fcc-based lattice.
We will now discuss a thermodynamic model suitable for describing the ordering behavior at the cation sites. Figure 5 shows the two types of octants in the pyrochlore structure arranged in rows. The fcc structure remains after the removal of the oxygen atoms and the vacancies from these octants. A subdivision of the fcc lattice sites into eight sublattices results in 13 types of superstructure. 7) These eight sublattices are represented by the Roman numerals in Fig. 5 . Comparing this atomic arrangement with the sublattice definitions, the structure of the Fd " 3 3m space group forms under the following sublattice constraint:
Therefore, to describe the ordering behavior of the cation sites between the cubic ZrO 2 phase and the pyrochlore phase, the compound energy model, (Zr 4þ , Nd 3þ ) 0:5 (Nd 3þ ,Zr 4þ ) 0:5 (O 2À ,va) 2 , was applied to these phases, assuming that tetravalent zirconium ions and trivalent neodymium ions exist on the two cation sublattices, and divalent oxygen ions and vacancies exist on the anion sublattice. The vacancies on the anion sublattice were introduced in all cases in order to maintain electroneutrality. The Gibbs energy of the cubic and pyrochlore phases, G C{P m , was expressed using the split compound energy formalism proposed by Ansara et al., 8) which separates the total Gibbs energy into a contribution from the disordered state and a contribution from the ordered state: 
The quantities y 
Liquid phase
When two basic oxides are mixed in the liquid state, the Gibbs energy can be represented by the ionic two-sublattice model 9) by mixing the cations on one sublattice and completely filling the other sublattice with O 2À ions. For the ZrO 2 -Nd 2 O 3 system, this situation is realized using the formula (Nd 3þ ,Zr 4þ ) P (O 2À ) Q . The ions within each parenthesis form a sublattice, and the site ratios are denoted by P and Q. These parameters are composition dependent, and are calculated to maintain electroneutrality in the liquid phase using the following equations:
These relationships mean that the values of P and Q are equivalent to the average charge on the other sublattice.
The integral Gibbs energy for the liquid phase based on this model is then given by 
Binary compounds
Zirconia has three stable phases. The low-temperature phase, m-ZrO 2 , has a monoclinic crystal symmetry, while the intermediate-temperature phase, t-ZrO 2 , crystallizes in a tetragonal form. The high-temperature phase is cubic ZrO 2 , whose Gibbs energy formalism was described in Section 2.2.1. The transition from c-Nd 2 O 3 to h-Nd 2 O 3 has been reported, 10) but its stability region in the Nd-O binary phase diagram is still unknown. 11, 12) These binary compounds were all described as being stoichiometric solid phases. The molar Gibbs energy of these phases, denoted by the superscript , is expressed as follows: 
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where
Results and Discussion

Phase diagram calculations
The evaluated thermodynamic parameters for the ZrO 2 -Nd 2 O 3 system are shown in Table 2 . Figure 6 shows the calculated ZrO 2 -Nd 2 O 3 phase diagram. The shaded region of the diagram shows the two-phase separation between disordered cubic ZrO 2 and the ordered cubic pyrochloretype Nd 2 Zr 2 O 7 phase. The experimental points for the liquidus curve 1) are represented by the square symbols in the figure. The unique feature of this phase diagram is reproduced well in our calculations. The dashed line denotes the secondary order-disorder transition boundary, which apparently inflects the location of the liquidus curve. Our thermodynamic analysis strongly suggests that the characteristic shape of the two-phase region of interest is due to the phase separation between the fluorite and pyrochlore structures, accompanied by a cation ordering of the Zr 4þ and Nd ions. This behavior is clearly illustrated by the Gibbs energycomposition diagram at T ¼ 1127 C shown in Fig. 7 . The formation energy estimated by Knacke et al. is the pairwise interaction, was defined to be negative for ordering, and positive for segregation. According to the calculations of Büth and Inden, the miscibility gap between the Fm3m and Fd " 3 3m space groups occurs when W ð1Þ > 0 and W ð2Þ < ÀW ð1Þ . We attempted to extract these interchange energies from the evaluated parameters listed in Table 2 , and compare the results with the data shown in Fig. 8 , irrespective of how the compound energy formalism employed in our study coincided with the BWG approximation. On the cation sublattice in the pyrochlore structure, as shown in Fig. 9 , the coordination number of the first nearest neighbor (1 nn) pairs was 12, while that of the second nearest neighbor (2 nn) sites was six, since the sublattice is an fcc array. It can then be seen that the number of 1nn pairs between unlike cations is six when the structure is perfectly ordered in a pyrochlore arrangement, while that of the 2 nn pairs composed of opposite cations is also six. The formation energy, G for the miscibility gap between the Fm3m and Fd " 3 3m space groups, and consequently, a repulsive 1nn interaction and an attractive 2 nn interaction occurs between unlike cations, which is essential for a two-phase separation of the cubic structure accompanied by cation ordering.
In this work, the ordering of O 2À ions and the vacancies on the anion sublattice were not considered. Figure 10 shows the arrangement of the O 2À ions in the pyrochlore structure. Some long-range ordering pattern can be observed in this configuration. However, the oxygen anions diffuse at a rate that is many orders of magnitude faster than the cations in this type of solid electrolyte. Therefore, the cation arrangement is the rate-determining process for the ordering of the cubic ZrO 2 phase, and the O 2À ion array provides the best possible response to the cation array. 
Conclusions
(1) The two-phase equilibrium between the cubic zirconia phase and the pyrochlore phase in the ZrO 2 -Nd 2 O 3 pseudo-binary system was analyzed using split compound energy formalism. The calculated results suggest that the characteristic shape of the two-phase region of interest is due to the phase separation between the fluorite and pyrochlore structures, accompanied by an ordering of the tetravalent zirconium ions and trivalent neodymium ions on the cation sublattices. 
